When rats are fed on a diet deficient in K+, there is a 6-fold increase in acid phosphatase activity in cells of the kidney medulla (Morrison & Panner, 1964) , and 2-4-fold increase in four other lysosomal enzymes (Aithal et al., 1977) . Within a few days these cells accumulate dense granules which stain intensely with the periodic acid/Schiff reagent and contain cytochemically identifiable acid phosphatase activity (Morrison & Panner, 1964; Muehrcke & Rosen, 1964) . The kidney of K+-deficient rats has been proposed therefore as a model system to study biogenesis of lysosomes in mammals.
Much of the increase in lysosome content occurs in collecting-tubule cells of the renal papilla. There is also an increase in numbers of dense granules in collecting-tubule cells throughout the medulla and to a lesser extent in interstitial and endothelial cells of the medulla (Spargo et al., 1960; Morrison & Panner, 1964; Toback et al., 1976) . However, the molecular mechanisms modulating the increased activities of lysosomal enzymes remain unknown.
Other physiological effects of K+ deficiency include growth retardation and inability to concentrate the -urine (Manitius et al., 1960) . In the kidney medulla there is a considerable increase in both cell size and DNA content accompanied by increases in the synthesis of protein, RNA, DNA (Gustafson et al., 1973) and phospholipids (Wilson et al., 1973) .
Abbreviation used: SDS, sodium dodecyl sulphate. Vol. 170
There have been few studies of the effects of K+ deprivation in the mouse. Liebow et al. (1941) found effects on kidney similar to those in the rat, including hypertrophy and proliferation of medullary-tubule cells. Prieur et al. (1973) studied the accumulation of cytochemically detectable granules, probably lysosomes, in kidney of K+-deficient normal and beige mice. The beige mouse is an animal model for the human Chediak-Higashi syndrome and has giant lysosomes in many tissues (Oliver & Essner, 1973) . In both types of mice K+ deprivation caused an increase in lysosomes of cells of the medulla, the increase occurring first in cells of the collecting tubules, then in interstitial and endothelial cells. In cells of the beige mouse, giant lysosomes, up to 15,um in diameter, accumulated.
There are advantages to studying lysosomal biogenesis in the mouse, including the facts that different inbred strains contain mutant genes that affect lysosomal enzymes in several respects, including their structure, rate of synthesis, temporal appearance during development and processing (Paigen et al., 1975) . In the present study we have examined the effects of K+ deficiency on the inbred strains C57BL/6J, A/J and C57BL/6J beige. Strain A/J has a mutant allele Gura, which increases the rate of synthesis of fi-glucuronidase in kidney proximaltubule cells of androgen-treated female mice to three times that of similarly treated C57BL/6J mice (Swank et al., 1973) . The beige gene in C57BL/6J beige mice increases the activities of all lysosomal enzymes in kidney proximal-tubule cells by greatly slowing the normal secretion of these enzymes into urine (Brandt et al., 1975) .
The purpose of these experiments was to determine if the K+-deficient mouse is a favourable system for the study of lysosomal biogenesis. Since glucuronidase activity was found to be significantly elevated in the kidney of K+-deficient mice, we explored (a) the cellular and molecular basis of the increased enzyme activity and (b) the possible effect on this experimental system of mutations in the mouse that are known to affect synthesis and secretion of lysosomal enzymes. (Laemmli, 1970) . Gels were sliced into 1.25mm sections, and swollen overnight at room temperature (25°C) in NCS/water (9: 1, v/v). To each sample was added IOml of Scintiprep 2 toluene scintillant (Fisher Scientific Co., Fair Lawn, NJ, U.S.A.). Samples were counted for radioactivity in a Nuclear-Chicago Isocap 300 liquid-scintillation counter with 36 % efficiency and a background of 17c.p.m. Gel slices in the glucuronidase peak were counted for sufficient time to give less than 10 % error. Counts were corrected for an observed 90 % (83-93 %) recovery of the counts applied to a gel in the sum of the gel fractions.
Materials and
Radioactivity incorporated into total cell protein was determined by spotting 10,ul of total kidney homogenate on to 2.1 cm Whatman filter-paper discs. The discs were boiled for 15min in 5 % (w/v) trichloroacetic acid and were rinsed in 5 % trichloroacetic acid containing 0.05 M-L-leucine and then in ethanol/ether (1:1, v/v). After air-drying the discs were added to scintillation vials containing 1 ml of NCS/water (9 :1, v/v) and incubated for 1.5 h at 50°C before addition of scintillant. The rate of synthesis of glucuronidase is defined as the ratio of radioactivity incorporated into the 73 000-mol.wt. glucuronidase subunit peak on the polyacrylamide gel to that incorporated into total acid-precipitable protein. Radioactivity incorporated into glucuronidase was corrected for loss of enzyme activity between preparation of the original homogenate and the antibody-precipitation step. In these experiments comparable yields of glucuronidase activity, between 67% and 78%, were obtained in both normal and K+-deficient mice.
Histology
Kidneys were removed, decapsulated and fixed in CaCl2/formalin as previously described (Brandt et al., 1975) . Sections 8pm thick were stained for 2h for glucuronidase activity by using the naphthol AS-BI f8-D-glucuronide/hexazonium/pararosanilin method described by Hayashi (1964 There was no change in kidney glucuronidase activity before 10 days of K+ deprivation (Fig. 1) . From day 10 until day 40, however, activity accumulated at a near-linear rate in all three strains. Kidney glucuronidase activity in strain C57BL/6J was about 20 % higher than in strain A/J at days 20-40. In turn, activity in kidney of the C57BL/6J beige strain was about 25 % higher than in the congenic C57BL/6J normal strain at all time points, including day 0, before K+ deprivation. 
Other Iysosomal enzymes
When two other lysosomal hydrolases, f,-galactosidase and acid phosphatase, were assayed in kidney homogenates of 30-day-replenished and K+-deficient mice, no significant effect (P>0.05) of K+ deficiency on the activities of these enzymes within any inbred strain was noted (Table 2) . Likewise, no strain differences in activities of these enzymes were apparent. There was, in fact, no significant difference (P>0.2) in galactosidase activities even when the mean activity (26.7units/g) of the kidneys of K+-replenished mice of all three strains was compared with the mean activity (30.8units/g) of the kidneys of K+-deficient mice of all three strains. However, a similar calculation revealed that the mean acid phosphatase activity (156units/g) in kidneys of K+-deficient mice of all three strains was 30% higher (P<0.05) than the mean acid phosphatase activity (121units/g) in kidneys of K+-replenished mice.
Mechanism of elevation of kidney glucuronidase activity
Two experiments suggested that the increased glucuronidase activity in kidney of K+-deficient mice was due to accumulation of new enzyme molecules rather than to activation of pre-existing molecules or formation of a new species of enzyme with glucuronidase activity. First, glucuronidase activity in mixtures of kidney homogenates from K+-deficient and K+-replenished mice was additive (results not shown). Second, immunotitration (Fig. 2 ) of glucuronidase activity in kidney homogenates of K+-deficient and K+-replenished A/J mice resulted in precipitation of equal amounts of activity per unit of anti-glucuronidase antibody added. Likewise, no significant differences in reactivity with antibody were found when kidney extracts from K+-deficient and K+-replenished C57BL/6J or C57BL/6J beige mice were compared. We next tested whether the increased accumulation ofglucuronidase molecules in kidneys ofK+-deficient mice was due to a more rapid enzyme synthesis. When glucuronidase-antibody precipitates from 3H-labelled C57BL/6i mice were electrophoresed on denaturing polyacrylamide gels (Fig. 3) , a distinct peak of 3H was observed for both K+-deficient and K+-replenished mice at a position in the gel corresponding to the electrophoretic mobility of the 73000-mol.wt. glucuronidase subunit. Total radioactivity in the glucuronidase subunit was 2-3 times greater in 22-day-K+-deficient mice than in K+-replenished mice when antibody precipitates prepared from equivalent amounts of kidney extracts were compared. Purification of the antibody precipitate on SDS/polyacrylamide gels was necessary because of the extremely low rate of synthesis of kidney glucuronidase (about 0.001 % of total kidney protein synthesis). This rate is in fact 100-fold lower than that in kidneys from androgen-treated mice (Swank et al., 1973) , where non-specific contaminants are an insignificant proportion of the total antibody-precipitable radioactivity. Most of Vol. 170 the non-specific contaminants in the glucuronidase immunoprecipitate in these experiments are of low molecular weight and can be greatly decreased by isolating glucuronidase with anti-glucuronidase immunoglobulin covalently coupled to a Sepharose column (G. Watson, personal communication).
Increased kidney glucuronidase activity attendant on K+ depletion is paralleled by an increased rate of synthesis of this lysosomal enzyme (Table 3) . At day 15 the relative rate of glucuronidase synthesis was in K+-deficient mice 1.5-fold (P<0.05) that in K+-replenished mice. By day 22 the increase was 1.9-fold (P<0.02). At day 30 the relative rate of synthesis in deficient mice was about 1.4-fold (P<0.05) that of replenished mice. There was an apparent increase in radioactivity incorporated into glucuronidase and total protein in 30-day-K+-deficient mice compared with 22-day-K+-deficient mice, but most of this increase was due to the fact that these animals weighed about 30 % less than the 15-or 22-day-deficient animals, with a consequent decrease in dilution of injected radioisotope. Finally, the radioactivity incorporated into glucuronidase per g of kidney is a slight underestimate of total kidney glucuronidase synthesis in all K+-deficient mice, since the kidneys of K+-deficient mice in these experiments were 14-25 % larger than those of K+-replenished mice.
Cellular site of increased kidney glucuronidase
To determine the anatomical site of increased glucuronidase activity in kidney of K+-deficient mice, kidney sections were stained specifically for glucuronidase activity by using the substrate naphthol AS-BI glucuronide. Cells of the tubules of the medulla of 30-day-K+-deficient mice were greatly hypertrophied and the tubules dilated when compared with corresponding cells and tubules of normal mice (Plates la and lb). Significant glucuronidase activity was present in the medulla but not Fraction no. Fig. 3 . SDS/polyacrylamide-gel-electrophoresis patterns of labelled glucuronidase immunoprecipitated from kidney extracts ofK+-deficient and K+-replenished mice Glucuronidase was immunoprecipitated from combined kidney extracts of three K+-deficient (o) or three K+-replenished (a) mice which had been labelled for I h with 300,pCi of [3H]leucine/mouse. The immunoprecipitates were electrophoresed in SDS/polyacrylamide gels and 1.25mm slices were counted for radioactivity. The migration position of the authentic 73 000-mol.wt. glucuronidase subunit (73 000) and the Bromophenol Blue marker dye (BPB) are indicated. Molecular weight was estimated by using standard proteins of known molecular weight. Table 3 . Rates of glucuronidase and total protein synthesis in kidney of K+-replenished (+) and K+-deficient (-) C57BL/6J mice Radioactivity incorporated into the 73 000-mol.wt. glucuronidase subunit was determined after SDS/polyacrylamide-gel electrophoresis of the immunoprecipitate from the combined kidney extracts of three mice as described in Fig. 3 . Each value is the mean±S.E.M. for the numbers of groups of mice indicated in parentheses. Values in the 'Day' column refer to the number of days for which mice were on K+-replenished or -deficient diet. 
EXPLANATION OF PLATE I
Cellular localization ofglucuronidase activity in kidney ofK+-replenished and K+-deficient mice Sections (8,um thick) were stained for 2 h for glucuronidase activity with naphthol AS-BI f8-D-glucuronide. C. E. CLEVELAND AND R. T. SWANK (facing p. 254) rapidly follow. The increase in kidney glucuronidase specific activity probably would approach the 6-fold increase reported in acid phosphatase activity in papillae of kidneys of K+-deficient rats (Morrison & Panner, 1964) if activity was measured on dissected papillae of mice.
Among other organs tested there was a 2-3-fold increase in glucuronidase activity in heart of K+-deficient mice of the two C57BL/6J strains. The increase in heart glucuronidase activity, which occurred only in K+-deficient mice of the two C57BL/6J strains, is noteworthy in that Liebow et al. (1941) have reported a striking necrosis of myocardial tissue of the K+-deficient mouse. It is not known whether this increased activity is concentrated in heart cells or whether it is due to infiltrating leucocytes or fibroblasts, which even under normal conditions may form a significant portion of total heart lysosomal enzyme activity (Wildenthal et al., 1975) . Preliminary experiments suggest that the elevated heart glucuronidase activity in mice of the C57BL/6J strains is a recessive trait in that K+-deficient hybrid mice from a mating of strains C57BL/6J and A/J have normal heart glucuronidase activities (C. E. Cleveland & R. T. Swank, unpublished work) . A possible reason for the unchanged lysosomal enzyme activity in other organs of K+-deficient mice is that some organs, such as liver, maintain normal cellular K+ concentrations in spite of a severe fall in serum K+ concentration (Gustafson et al., 1973) .
Although glucuronidase activity increased 2-2.5-fold in kidneys of K+-deficient mice, another lysosomal enzyme, 8-galactosidase, did not significantly increase, and a third, acid phosphatase, increased by only 30 %. Again it is possible that substantial increases in the enzymes occur in specific anatomical regions of the kidney. It is, of course, possible that deprivation of K+ does increase the synthesis of these enzymes, but rapid degradation or secretion, as occurs with several kidney lysosomal enzymes in the androgen-treated mouse (Brandt et al., 1975) , prevents increases in kidney activity.
The present studies establish that the increase in kidney glucuronidase activity in kidney of K+-deficient mice is not regulated by either the Gur or bg (beige) genetic loci. Strain C57BL/6J is homozygous for the Gurb allele, which lowers the androgenmediated rate of synthesis of glucuronidase in kidney proximal tubules to one-third that found in strains such as A/J that are homozygous for the Gura allele. There is at most a 20 % increase in kidney glucuronidase activity in K+-deficient C57BL/6J mice compared with A/J mice, and the slight increase is in the opposite direction to that expected for a Gurb allele.
Similarly there is only a slight (30%/O) increase in kidney glucuronidase in K+-deficient strain C57BL/6J beige mice compared with C57BL/6J mice. This Vol. 170 difference, however, is also seen in mice of the two strains maintained on K+-replenished diets, and is due to the lowered secretion of lysosomal enzymes from kidney proximal-tubule cells of beige mice (Brandt et al., 1975; Brandt & Swank, 1976) .
The antibody-titration experiments demonstrated that the mechanism for increased glucuronidase activity in kidney medulla of K+-deficient mice was accumulation of glucuronidase molecules. These experiments further showed that this accumulation was the result of an increased rate of synthesis of the enzyme. The absolute rate of glucuronidase synthesis increased in parallel with increased glucuronidase activity from day 15 to day 22 of K+ depletion. The relative rate of glucuronidase synthesis after 30 days of K+ depletion did not increase in parallel with enzyme activity. However, the 30-day experiments are difficult to interpret, because at this time some mice are starting to show pathological symptoms and a loss in body weight. We cannot, of course, exclude the possibility that small amounts of subunits of non-glucuronidase origin are in the 73000-mol.wt. peak, since present technology does not enable further characterization of these relatively small amounts ofradioactivity. For such a postulated contaminant to account for the difference in rate of glucuronidase synthesis between normal and deficient mice, the degree of contamination would have to increase in K+-deficient mice. We consider it much more likely that the increased incorporation of radioactivity into the 73000-mol.wt. subunit in K+-deficient mice is due to increased glucuronidase synthesis, which, in turn, causes parallel accumulation of catalytically active enzyme.
Another possible reason for the increased enzyme activity in kidney of K+-deficient mice might be lowered secretion from kidney into urine. We found that equally low amounts of enzyme (2-4 % of total kidney content) were daily secreted from both K+-replenished and K+-deficient mice (C. E. Cleveland & R. T. Swank, unpublished work) . However, it is unknown whether this small amount of enzyme originates in the kidney or in other tissues of the urogenital tract.
The cellular sites for increased glucuronidase activity in K+-deficient mice are similar to the sites of accumulation of lysosomes in K+-deficient rats. That is, there is increased activity in the collecting tubules ofthe entire medulla, including the papilla and cells nearer the border with the cortex, However, in 20-day and 30-day K+-deficient mice a largeamount ofactivity is present in interstitial cells, in all regions ofthe medulla except for the papilla. It is likely therefore that a significant portion of the increased lysosomal activity and increased rates of synthesis, particularly after long periods of K+ depletion, is due to infiltration of cells, such as macrophages, polymorphonuclear leucocytes or fibroblasts, which synthesize lysosomal enzymes at a higher rate than do resident kidney cells. Phagocytic cells of these types would be expected to respond to the slightly necrotic state induced in kidney by long-term K+ depletion (Liebow et al., 1941) .
In summary, the K+-deficient mouse responds similarly to the K+-deficient rat in that the activities of some kidney acid hydrolases are significantly elevated and similar cell types of the medulla are affected. Whether increased synthesis of lysosomal enzymes is also the mechanism for increased lysosomal enzyme activity in kidney of K+-deficient rats is unknown. With regard to the utility of the K+-deficient mouse kidney system for the study of lysosomal biogenesis, it is clear that the lysosomal amplification is not as dramatic as, for example, the high concentration of glucuronidase found in the rat preputial gland (Ohtsuka & Wakabayashi, 1970; Keller & Touster, 1975) or the androgen-mediated 20-50-fold increase in activity of glucuronidase in mouse kidney (Fishman, 1965; Swank et al., 1973) , so that studies of turnover of lysosomal enzymes will be difficult. Also mutations that have proved useful in studies of lysosome function in other systems apparently have no effect in this system. A further caution, at least with regard to lysosomal enzyme activity of K+-deficient mice, is that infiltration of lysosome-rich interstitial cells appears to be partially responsible for the increased activity, especially at advanced stages of K+ depletion.
